A compilation of the available spectroscopic millimeter and submillimeterwave data of the ground and first excited states of 13 C 1 -methyl formate has been carried out. The exhaustive analysis of the available transition lines of Maeda et al. 2008a,b; Carvajal et al. 2009) has led to the assignment of 7457 spectral lines by means of a global fit of 45 parameters, using the RAM method and the BELGI-Cs code, with a resulting unitless standard deviation of 0.57. Over 1600 lines are included for the first time in the fit. In addition, the line strengths of spectral lines are also calculated using the most recent experimental measurement of the electric dipole moment ). In conclusion, the present study represents a notable improvement with respect to previous H 13 COOCH 3 spectral analyses.
has led to the assignment of 7457 spectral lines by means of a global fit of 45 parameters, using the RAM method and the BELGI-Cs code, with a resulting unitless standard deviation of 0.57. Over 1600 lines are included for the first time in the fit. In addition, the line strengths of spectral lines are also calculated using the most recent experimental measurement of the electric dipole moment ). In conclusion, the present study represents a notable improvement with respect to previous H 13 COOCH 3 spectral analyses.
Therefore the better accuracy of the present analysis may help the future identification of new 13 C 1 -methyl formate lines in the interstellar and circumstellar media, and may contribute to decrease some of the spectral confusion due to this species in astronomical surveys.
Introduction
Molecules are used in astronomy as probes of the physical conditions and as probes of the lifetimes of the sources. In this set of molecules, methyl formate is one of the approximately 50 molecular species with more than 6 atoms detected in the interstellar and circumstellar media (Herbst & van Dishoeck 2009) . As a consequence of its relatively large abundance observed in different objects (Ikeda et al. 2001; Cazaux et al. 2003; Remijan et al. 2004; Bottinelli et al. 2007 ), methyl formate is considered as an interstellar Class I weed (Herbst & van Dishoeck 2009; Remijan & Markwick-Kemper 2008; Bergin et al. 2006) , given that it is fundamental to discriminate its emission lines in the astronomical surveys in order to identify new molecular species.
In fact, in the interstellar medium, since its first time detection (Brown et al. 1975; Churchwell & Winnewisser 1975) , different species of methyl formate (H 12 COO 12 CH 3 , rotational spectrum of this 13 C 1 isotopologue in the frequency range of 7-610 GHz and provided 528 new lines. Two years later Maeda et al. (2008a) recorded around 4400 lines, belonging to the ground torsional state, in the range 110-380 GHz and they fitted a data set of 4921 lines (including almost all lines from Willaert et al. (2006)) with a standard deviation of 86 kHz, floating 33 fitting parameters with the "Effective Rotational-torsional Hamiltonian (ERHAM)" procedure (Groner 1992 (Groner , 1997 . The same year Maeda et al. (2008b) also reported for first time rotational spectral lines in the first two torsional excited states for both the normal species and the 13 C 1 species. They were fitted separately with the ERHAM code. Some 910 transitions belonging to the first excited state v t = 1 were fitted with an unitless standard deviation of 0.77 using 27 floated parameters, plus 7 parameters for which the values were fixed to their ground torsional state v t = 0 value.
For the second excited state v t = 2, 231 transitions were fitted with an unitless standard deviations of 0.99 using 18 fitted parameters, plus 9 parameters fixed to their v t = 0 values.
However Maeda et al. (2008b) omitted in their fit some 1972 transitions belonging to the first excited state v t = 1 for the 13 C 1 -methyl formate species, even though those lines were tentatively assigned.
In 2009, a spectral analysis for the ground torsional state of both 13 C 1 and 13 C 2 methyl formate species was carried out using the RAM ("Rho Axis Method") theoretical approach (Lin & Swalen 1959; Hougen et al. 1994 ) and the BELGI code (Kleiner 2010) with the aim of identifying new lines in Orion KL interstellar cloud (Carvajal et al. 2009 ).
In the case of 13 C 1 species, 4954 lines were fitted using 24 parameters. From this set of fitted lines, some 24 lines of 3 kHz of accuracy were either new measurements or remeasurements performed with a Fourier Transform Microwave Spectrometer (FTMW) in Lille. All other lines were measurements published by Willaert et al. (2006) and Maeda et al. (2008b) . The standard deviation of the fit was 66.9 kHz.
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The aim of this manuscript is to provide a conscientious compilation of data for 13 C 1 -methyl formate species including transitions belonging to v t = 0 and 1 and using the RAM "global" approach. This so-called global method allows us to deal with the total set of states (to a certain truncation level) associated with the internal rotation of the methyl group, using one Hamiltonian and fitting the data to within experimental accuracy. The global approach used in the BELGI code is therefore quite different from other methods that separate these states into groups (by torsional states like in the ERHAM code mentioned above), and then treat each group of states using its own Hamiltonian. Those latter methods are called here "local" or "effective" methods (Kleiner 2010) .
One reason to perform such a global analysis of two torsional states together is to get uncorrelated values for the torsional parameters F , V 3 and V 6 . Another reason is to avoid inconsistencies in the data bases originated by the analysis of experimental spectra from different laboratories which can have some unfortunate repercussion in astronomical observations in the interstellar and circumstellar medium.
In the present work, a global fit of 7457 spectral lines for the ground and first excited torsional state of 13 C 1 species was carried out using 45 fitted parameters with an unitless standard deviation of 0.57. To achieve this result we had to change the labeling of 777 lines already included in the fit published by Maeda et al. (2008a) and of two lines from Willaert et al. (2006) . Besides, some 1591 transitions belonging to v t = 1 which could not be included in the fit of Maeda et al. (2008b) are now included in our analysis for the first time.
The present paper also presents a line intensity calculation undertaken using more accurate values for the electric dipole moment components determined recently in comparison with the values determined by Curl (1959) for the normal species of methyl formate. For all these reasons, the present calculation represents a notable improvement with respect to previous analyses and we hope that it can help to identify v t = 1 lines for first time, and new v t = 0 lines, for the 13 C 1 methyl formate in interstellar clouds, as realized by Kobayashi et al. (2007) and Demyk et al. (2008) for the normal species of methyl formate.
Theoretical assignment method
The theoretical formalism used in the assignment procedure of 13 C 1 isotopologue of methyl formate is the so-called RAM (Rho-Axis Method) (Lin & Swalen 1959; Hougen et al. 1994; Kleiner 2010) . This formalism was thought up for dealing with rotational and rovibrational spectra of molecules with one large amplitude motion of the type of internal
The methyl top in a molecule, under internal torsion, is responsible of a splitting of each rotation-torsion state in two, one of A-symmetry (either A 1 or A 2 ) and another of E-symmetry. The RAM formalism has the ability of taking into account simultaneously both A-and E-species for different torsional states in the fitting procedure of molecular transition lines. The effective RAM Hamiltonian incorporates a number of pure rotational, pure torsional and rotation-torsion terms which are set up after minimizing the rotation-torsion interaction, when rotating the Principal Axis System to Rho-Axis System (Lin & Swalen 1959; Hougen et al. 1994; Kleiner 2010) . The RAM Hamiltonian is based on previous works (Kirtman 1962; Lees & Baker 1968; Herbst et al. 1984) .
The RAM formalism for the global spectroscopic analysis of molecules with a CH 3 top has been applied for a number of molecules as i.e. acetaldehyde and acetic acid (Kleiner et al. 1996; Ilyushin et al. 2003 Ilyushin et al. , 2008 and different isotopologues of methyl formate (Carvajal et al. 2007; Ilyushin et al. 2009; Carvajal et al. 2009; Margulès et al. 2010) . The BELGI version of the RAM code used for the authors is available in the web 1 and its details for the application to methyl formate are described in Carvajal et al. (2007) .
Spectral analysis of the ground and first torsional states
In the present paper, the spectral analysis has been carried out gradually, by including the transition lines from lowest to highest J values. At the beginning of the procedure, we start with initial guess values for the second order RAM rotational constants (A RAM ,
the potential barrier (V 3 ), the coupling term between the conjugate torsional momentum and the rotational angular momentum (ρ) and the internal rotation constant (F ), which was originally fixed to the ab initio value calculated in Carvajal et al. (2009) . All other interaction parameters were initially fixed to zero.
After fitting the spectral data up to a given J, the analysis of the experimental data from different sources was undertaken with the subsequent prediction of J + 1 lines, adding the relevant torsion-rotation interaction parameters corresponding to higher order terms in the Hamiltonian. With this fitting procedure, the ground state lines were first included in the fit. After finishing with the ground state data, we started up again with the same procedure but including data of both states under study, from the ground and first torsional states.
The result of this global fitting procedure is reviewed in Table 1 to global RAM formalism used in this work, compared to the labeling of the ERHAM code (Groner et al. 2007) . Those lines are quoted as "LABEL" in Table 1 . In addition, we also pay special attention to the A/E → E/A inversion in the
=J series of v t = 0 transitions, as pointed out by Ilyushin et al. (2009) for the normal species of methyl formate, which is also ocurring for the 13 C 1 species. We also included in the present fit 503 v t = 0 lines from Willaert et al. (2006) . From them, 312
lines were recorded in the 300-610 GHz range with a 50 kHz uncertainty and the remaining 191 lines turned out to be in fact measured in the 7-62 GHz range. Within this data set in the 7-62 GHz range, 161 were given a weight corresponding to a experimental uncertainty of 100 kHz for isolated transitions, and 30 blended lines were given a slightly higher weight of 150-200 kHz (see Table 1 ). We also decided to use the frequencies of a number of lines from Willaert et al. (2006) rather than those reported by Maeda et al. (2008a) , as the former
were measured with a better experimental accuracy (50 kHz).
The 2501 fitted v t = 1 lines in the global fit of this work come from Maeda et al. (2008b) who provided assignments for only 910 of those v t = 1 lines (quoted in Table 1 as "FASSST2" measurements). A set of remaining 1972 transitions were omitted in their final fit and were listed with a tentative assignment. In the course of the present work it was noticed that there were in fact three sets of "omitted" transitions. The first set consisted of 1591 lines which were properly analyzed and we succeeded to fit them for first time in this work. Those transitions are indicated in the present paper as "NEWLY FITTED" even though they were recorded and assigned by Maeda et al. (2008b) . The second set contains the "omitted" transitions which are not taken into account in our fit because their frequencies are already used with different tentative assignments, and their residuals are quite large. The third set included 25 lines that need more accurate experimental remeasurements and 68 lines that need, if not a new experimental recording, to find their right assignments. The lines of this third set are not also considered in our fit.
In summary, in this work, we have added 35 more lines for the ground torsional state v t = 0. 1591 belonging to v t = 1 lines are newly fitted with respect to Maeda et al. (2008b) . Table 2 shows the values, and their uncertainties, for the 45 torsion-rotation parameters of RAM model used in our final fit in order to achieve nearly experimental accuracy. It was only needed to include torsion-rotation interactions up to 6th-order.
A sample of the transition lines of 13 C 1 methyl formate included in our fit are compiled in Table 3 , which shows the line assignments, the observed frequencies with the measurement uncertainties (in parentheses), the computed frequencies with the estimated theoretical uncertainties (in parentheses), the observed-calculated values, the line strengths, the lower state energies relative to the J = K a = 0 A-species v t = 0 level taken as the zero for energy levels, and the sources of each transition line according to those marks given in Table 1. Table 3 is published in its entirety in the electronic version of the Journal.
During the analysis of the spectral data, we noted the presence of some blended lines: Table 3 with the symbol "B", which stands for BLENDED. An alternative procedure to deal with blended transitions has been proposed by Ilyushin et al. (2009) for the normal species of methyl formate. It was not used in our work since the blended transitions do not show really bad observed-calculated values.
Intensities calculation
For the line strengths calculation, the procedure reported for the RAM formalism was already explained in detail (Hougen et al. 1994; Kleiner 2010) . Recently the dipole moment components in the Principal Axis System were remeasured experimentally with an Stark spectrometer , with a better accuracy than those given by Curl (1959) , for the main species (H 12 COO 12 CH 3 ) and the monodeuterated species (D 12 COO 12 CH 3 ). The line strengths are assumed to be only driven by the permanent electric dipole components (Hougen et al. 1994) , like in previous studies of methyl formate isotopologues (Carvajal et al. 2007 (Carvajal et al. , 2009 Margulès et al. 2010) .
With the approximation that the dipole moment components of H 12 COO 12 CH 3 species keep invariable with the isotopic substitution of 13 C, we found that the dipole moment components in RAM Axis system are µ • between RAM and PAM axis systems (see Table 4 ).
The line strengths of the assigned transitions are presented in Table 3 for both ground and first excited states. The degenerate transition lines were considered as one line with a line strength which is result of the sum of line strengths of the cluster transition lines ).
Discussion
In this work, a careful analysis of the available experimental millimeter and submillimeter-wave spectral data of H 13 COOCH 3 has been carried out to allow us to gather all spectroscopic data recently reported, and to improve the prediction accuracy for this important astrophysical species. This study has resulted in the increase of almost 1600 spectral lines in the 13 C 1 -methyl formate database which initially were assigned by Maeda The RAM formalism is used here with a global fit procedure of 7457 A-and E-symmetry species for the ground and first excited states of H 13 COOCH 3 . The computational quality for A-and E-symmetry lines is similar because they have, for approximately same number of lines, a comparable standard deviation (see Table 1 ). In comparison with the ERHAM procedure, which fits each torsional state separately (Maeda et al. 2008a,b) , our global fit takes into account a number of extra interactions between different rotation-torsional v t 's states. At the other end, ERHAM is a very efficient and fast procedure which allows to deal with a large dataset at high J values.
The improvement in our present fit is not only perceived through the decrease of the number of parameters used in the Hamiltonian compared to previous works, but also because it was possible, after cleaning up the dataset, to assign a number of experimental lines with the RAM global formalism which were not fitted previously with ERHAM. In this way, increasing the number of experimental spectral data in this analysis gives more accurate and predictive torsion-rotation parameters in the RAM Hamiltonian, which in turn can predict, with higher accuracy, new transition lines which can be observed in the interstellar molecular clouds. Therefore, it is hoped that this work will make feasible the identification of 13 C 1 -methyl formate v t = 1 lines in interstellar clouds, as Kobayashi et al. (2007) and Demyk et al. (2008) achieved for the normal species of methyl formate, or at least it will help to clean up future astronomical surveys.
In order to avoid pitfalls, a comparison is undertaken among Hamiltonian parameters of other procedures. In Table 4 , the values of rotational constants in the principal axis system (PAM) and internal rotation parameters ρ and the ERHAM parameters show a strong dependence on the torsional state (Carvajal et al. 2009 ). Some of the present fitted parameters seem to be less precise than in the previous fit (Maeda et al. 2008a,b) . This is due to the fact that in some cases, the RAM global method followed in the BELGI code induces a high correlation between some parameters, e.g. between the rotational constants A, B, C and the D ab parameter . It is however necessary to free them in order to get a good fit.
The value of the internal rotation parameter F determined in this work presents, on one hand, a rather poor agreement with respect to its ab initio value used for the analysis of the ground state (Carvajal et al. 2009 ) and with respect to the ERHAM values obtained separately for the first three torsional states v t = 0, 1, and 2 (Maeda et al. 2008a,b) . On the other hand, it presents a very similar value to that obtained with a global RAM fit by The discrepancies between the values determined for the torsion or rotation constants by various programs or compared to the equilibrium structure obtained by ab initio calculation is a rather complicated question . Most programs determine F in a given torsional state v t interactionless with the others, whereas the BELGI code, taking into account the interactions between different torsion-rotation states, determines the parameter F in a so-called "torsionless" state. The order of magnitude of the lowest-order experimental torsion-rotation interaction constant α
(1) of Demaison et al. (2010) ) is about 3-4% of F . For instance, for the parent isotopologue of methyl formate: F (v t =0)=178221(48) MHz; F (v t =1) = 171706(37) MHz (Maeda et al. 2008b ) whereas F (BELGI)=164597(39) MHz ), a value which is not in agreement with the one obtained using Eq. (20) of Demaison et al. (2010) :
The reasons for this discrepancy have already been discussed in Demaison et al. (2010) .
One of them lies in the relation between I α and the moments of inertia I a , I b and I c in the principal axis system is
The problem is given by the pseudo inertial defect ∆ vib which is far from negligible (about 0.06 uÅ 2 ). Therefore, one could not expect a good agreement between the different determinations of I α , i.e. from either ρ, the direction cosines, λ a , λ b , and λ c , of the internal rotor axis i of the top in the principal axis system, and the moments of inertia I g=a,b,c (see Eq. (4) of Demaison et al. (2010) ), or from the experimental derived value F exp , which gives rI α , or from the equilibrium structure (see Eq. (22) of Demaison et al. (2010) ). For this reason, the different methods to determine the parameter F cannot be directly compared.
Besides, F is usually highly correlated (especially when treating only one torsional state) with other internal rotation parameters and, therefore, it is rather inaccurate, i.e. small differences in the data or the method used may induce a large variation of F . Hence, F should be considered as an empirical fitting parameter without precise relationship to the structure.
Anyway, one would expect that the fitted value of F is actually better determined in the present work than in previous analyses because it uses a global procedure and takes into account more data in the ground and excited states simultaneously. In particular, in comparison with the study of Carvajal et al. (2009) In this paper, we also report the line strength calculation because it is an absolute prerequisite for a correct molecular identification in the interstellar medium. It is expected that the calculated line strengths presented in this work are in better agreement with the experimental ones for two reasons. First the analysis of an increasing number of experimental lines provides a safer prediction of its spectrum and, therefore, more reliable eigenfunctions needed for the line strength calculation. The second reason is that the used dipole moment was recently determined for the normal species of methyl formate ) with better accuracy than that given by Curl (1959) . Mol. Struct., 795, 4 This manuscript was prepared with the AAS L A T E X macros v5.2. a Parameter values are given in Table 2 . The complete list of observed minus calculated residuals of vt = 0 and vt = 1 lines is given in Supplementary Table. b Sources of data: L-FTMW stands for Lille Fourier Transform Microwave Spectrometer (Carvajal et al. 2009 ) and they are for first time reported; WILLA data comes from Willaert et al. (2006); FASSST data are reported by Maeda et al. (2008a) ; LABEL data were reported by Maeda et al. (2008a) but with different assignment, see text; FASSST2 data were reported and fitted by Maeda et al. (2008b) ; and NEW data are fitted for first time in the present work but recorded and tentatively assigned by Maeda et al. (2008b) .
c Spectral range of the measurements.
d Torsional state (vt), and maximum J and Ka for each group of measurements.
e Number of MW lines in each uncertainty group.
f Uncertainty in MHz used in the fit.
g Root mean square deviation in MHz for each group.
h The spectrometer spectral ranges for these measurements are 300-322 GHz and 570-610 GHz with an accuracy better than 0.050 MHz (Willaert et al. 2006) . (1 − cos 3α)P 2
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a Notation from Ilyushin et al. (2003) ; n = l+m, where n is the total order of the operator, l is the order of the torsional part and m is the order of the rotational part.
b Notation from Ilyushin et al. (2003) . {A, B} = AB + BA. The product of the parameter and operator from a given row yields the term actually used in the vibration-rotation-torsion Hamiltonian, except for F , ρ and A RAM , which occur in the Hamiltonian in the form F (Pα − ρPa) 2 + A RAM P 2 a .
c Values of the parameters in cm −1 given in the present work, except for ρ which is unitless. Statistical uncertainties are given in parentheses in units of the last quoted digit. a Upper and lower state quantum numbers are indicated by ′ and ′′ respectively. Torsion-rotation levels of A species have a "parity" label; levels of E species have a signed Ka value (Herbst et al. 1984) . Note that for degenerate transitions, only the sum of line strengths of the degenerate transitions for a given cluster is preserved.
Therefore the degenerate clusters of transitions is represented by only one transition frequency accompanied by the sum of line strengths calculated for the cluster components. For those cases, instead of the usual label J, Ka, Kc , the cluster is represented by the rotational state designation J, * where the asterisk stands for the two degenerate levels with the same J, Kc but with different Ka quantum numbers, or with the same J, Ka but with different Kc quantum numbers. In the parentheses, a Rotation-torsion parameters for the normal species HCOOCH 3 obtained in Ilyushin et al. (2009) with the RAM-axis system, after transforming the RAM values for the A, B, C rotational parameters into PAM values following the procedure described in Carvajal et al. (2007) . Because of blending, 9298 measured lines correspond in their fit to 10533 transitions.
b Rotation-torsion parameters for 13 C 1 -methyl formate from Carvajal et al. (2009) transformed to the Principal Axis System.
F was fixed to its ab initio value.
c Rotation-torsion parameters for 13 C 1 -methyl formate from the present work transformed to the Principal Axis System.
d Rotation-torsion parameters for 13 C 1 -methyl formate from Maeda et al. (2008b) obtained separately for each torsional state studied, using the ErHam procedure.
e Angle in degrees between the a-principal axis and the methyl top axis (i).
f The angle θ RAM between the a-principal axis and the a-RAM axis is given in degrees and obtained from Eq. (1) from Carvajal et al. (2007) , with the parameters A RAM , B RAM , C RAM , and D ab of Table 2 .
g Unitless standard deviation.
